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The functional characterisation of potassium channels found in the mitochondria of plants and uni-
cellular eukaryotes is critically discussed herein, with a focus on the ATP-sensitive potassium chan-
nel and the large-conductance Ca2+-activated potassium channel (mitoBKCa channel). The
physiological functions of these channels are not completely understood. We discuss the functional
connections and roles of potassium channels, uncoupling protein and alternative oxidase, three
energy-dissipating systems that exist in the mitochondrial respiratory chain of plants and some uni-
cellular eukaryotes, which include preventing the production of reactive oxygen species.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The mitochondrial inner membrane has an intrinsically low
permeability to ions that prevents energy dissipation and depolar-
isation of the mitochondrial membrane potential. However, there
is now clear evidence that ion channels (anion, monovalent and
divalent cation channels) exist in the inner membrane of mito-
chondria and that their conductance is tightly controlled. The
channels have profound effects on mitochondrial metabolism and
the efﬁciency of oxidative phosphorylation. The strict control of
inner mitochondrial membrane permeability is vital for efﬁcient
ATP synthesis. The opening of mitochondrial ion channels can have
either detrimental (leading to apoptosis or necrosis) or beneﬁcial
(protection against ischemic damage, apoptosis and oxidative
stress) effects on the cell (for recent reviews see [1–4] and this
Issue).
Transport of potassium, the most abundant cellular cation, via
potassium channels seems to be an important mechanism tochemical Societies. Published by E
ma membrane ATP-regulated
rial large-conductance Ca2+-
itochondrial ATP-regulated
CP, uncoupling protein; DW,
H+, electrochemical proton
iewicz).control the integrity of inner mitochondrial membranes. In mam-
malian mitochondria, potassium channels have been proposed to
play a central role in triggering cardio- and neuro-protection
[1–4]. The electrogenic transport of potassium ions into the mito-
chondrial matrix is strictly ion channel-dependent and resembles
plasma membrane ion channel activity. Potassium ions control
mitochondrial metabolism and matrix volume [3,5]. Mitochondrial
volume homeostasis depends on monovalent cation transport
across the inner membrane, which couples electrophoretic K+ in-
ﬂux through potassium channels to K+ extrusion through a K+/H+
exchanger. The basic biophysical and biochemical properties of
mammalian mitochondrial inner membrane potassium channels,
including ATP-regulated potassium (mitoKATP) channels [6],
large-conductance Ca2+-activated potassium (mitoBKCa) channels
[7], voltage-dependent potassium (mitoKv1.3) channels [8] and
twin-pore TASK-3 potassium channels [9]), have been found to
be similar to some types of potassium channels present in the plas-
ma membrane of various mammalian cells. Potassium channels in
the inner mitochondrial membrane must be regulated in a subtle
way to avoid a collapse or signiﬁcant decrease of the membrane
potential.
In addition to being found in mammalian mitochondria, an
ATP-sensitive potassium channel (the mitoKATP channel) has also
been described in plant mitochondria [2,10], in the nematode
worm Caenorhabditis elegans mitochondria [11] as well as in
the mitochondria of eukaryotic microorganisms such as thelsevier B.V. All rights reserved.
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Acanthamoeba castellanii [12] and protozoan parasites trypanoso-
matids Trypanosoma cruzi (which causes Chagas’ disease) and Cri-
thidia fasciculate [13]. The molecular identity of the mitoKATP
channel is unknown. In the case of mammalian mitochondria, sev-
eral observations on its pharmacological proﬁle and immunoreac-
tivity with speciﬁc antibodies suggest that the mitoKATP channel
belongs to the inward rectiﬁer K+ channel family Kir6.x [14,15]. Re-
cently, it has been hypothesised that succinate dehydrogenase con-
stitutes part of the mitoKATP channel structure [16]. Mammalian
mitoKATP channels have low conductivity. Although they increase
the inner membrane’s permeability to K+, the transport rate of
the ion is so low that the overall effect on the electrical membrane
potential (DW) is often undetectable [17]. The primary function of
the mitoKATP channel is to allow K+ transport into the mitochon-
drial matrix. This action can lead to an increase in matrix volume,
matrix alkalinisation and changes in reactive oxygen species (ROS)
production by mitochondria (for review see [1–4,18] and this
Issue).
The other mitochondrial potassium channel, a large-conduc-
tance Ca2+-activated potassium (the mitoBKCa channel) studied
mainly in mammalian mitochondria, has been recently found in
plant mitochondria, i.e., in potato tuber mitochondria [19]. No
information is available about the existence of this channel in
the mitochondria of unicellular eukaryotes to date.
In this paper, we critically review the current knowledge de-
rived from the functional characterisation of potassium channels
in the mitochondria of unicellular eukaryotes and higher plants.
We also discuss the physiological roles and functional connections
between potassium channels, uncoupling protein (UCP) and alter-
native oxidase (AOX), three energy-dissipating systems in the
mitochondrial respiratory chain of plants and some unicellular
eukaryotes, including their preventive action against the produc-
tion of ROS.2. Potassium channels in the mitochondria of unicellular
eukaryotes
To this point, there is little information about potassium trans-
port systems in the mitochondria of unicellular eukaryotes. The
protist A. castellanii is the ﬁrst (2007) microorganism in which
the mitochondrial mitoKATP channel has been characterised [12].
Moreover, it is the most extensively functionally characterised
mitoKATP channel of unicellular eukaryotes so far. The electrophys-
iological proﬁle (single-channel properties of the channel reconsti-
tuted into planar lipid membrane) and pharmacological proﬁle
(inﬂuence of speciﬁc modulators on bioenergetics of isolated
mitochondria) of the A. castellanii mitoKATP channel demonstrate
similarities to mammalian plasma membrane ATP-sensitive K+
channels (KATP channels) [12]. In a reconstituted system, planar
lipid membrane measurements showed that the potassium chan-
nel present in the A. castellanii inner mitochondrial membrane
has a conductance ranging from 90 pS to 166 pS that is inhibited
by 1 mM ATP/Mg2+ or glibenclamide and activated by diazoxide.
In mitochondria isolated from A. castellanii respiring with succi-
nate, malate or external NADH, KATP channel openers (diazoxide
and BMS-191095) cause an increase in respiration up to 15% and
a slight but statistically signiﬁcant depolarisation of DW up to
2 mV, while ATP and glibenclamide reverse these effects. Changes
in respiratory rate and DW that are caused by ATP-sensitive potas-
sium channel modulators are strictly dependent on the presence of
K+ in the incubation medium (120 mM KCl has been used). Impor-
tantly, the inhibitory effect of ATP on K+ transport into A. castellanii
mitochondria has been studied with external NADH as a respira-
tory substrate to exclude the inﬂuence of ATP on the malate andsuccinate dehydrogenase activities. The extent of the aforemen-
tioned changes in the bioenergetics of A. castellanii mitochondria
that are caused by potassium channel modulators indicates that,
as in mammalian mitochondria [17], potassium channels are pres-
ent in low numbers in amoeba inner mitochondrial membranes,
and their activity must therefore be strictly regulated to avoid
uncoupling [12]. This ﬁnding contrasts with mitochondria of some
higher plants, which seem to possess highly active K+ transport
that might lead to a signiﬁcant mitochondrial depolarisation in
the presence of 25 mM KCl [20]. Moreover, the mitochondria of
A. castellanii do not swell to a great extent in isotonic medium con-
taining K+ [12], which is in contrast to some plant mitochondria
[20–23]. In addition to the functional studies, the existence of
the mitoKATP channel protein in A. castellanii mitochondria is indi-
cated by immunoreactivity using antibodies raised against the
pore-forming Kir6.1 subunit (but not Kir6.2) of the human ATP-
sensitive potassium channel [12]. It suggests that the potassium
channel present in A. castellanii mitochondria may be structurally
similar to mammalian KATP channels. The relative molecular mass
of the detectable A. castellanii protein (around 48 kDa) is similar
to that of the mammalian protein found in the plasma membrane
and slightly different from the protein detected in mammalian
mitochondria (55 kDa). The molecular identity (gene and protein
sequences) of the mammalian mitoKATP channel is presently un-
known. Apart from the mitoKATP channel, two other cation selec-
tive channels, likely potassium channels, with large conductance
values of 330 pS and 650 pS, seem to be present in the A. castel-
lanii inner mitochondrial membrane, as observed in single-channel
recordings in planar lipid membranes (W. Jarmuszkiewicz, I. Kosz-
ela-Piotrowska, A. Szewczyk, unpublished data).
Molecular phylogenetics places A. castellanii (Amoebozoa) on a
branch basal to the divergence points of the animal, plant and fun-
gal lineages [24]. The identiﬁcation of a mitoKATP channel in proto-
zoan mitochondria indicates that the protein is much more
widespread than previously believed and may exist throughout
eukaryotes [12]. The existence of mitoKATP channels in animals
(mammals and invertebrates), plants and some unicellular eukary-
otes suggests that the channel is evolutionary conserved. More-
over, the presence of three energy-dissipating systems in A.
castellanii mitochondria points to the fact that the appearance of
intracellular mitochondrial oxidative phosphorylation coupling
was soon accompanied by the emergence of (i) an uncoupling pro-
tein (UCP), a carrier specialised for H+ recycling that is mediated by
free fatty acids and inhibited by purine nucleotides; (ii) an alterna-
tive oxidase (AOX), an energy-dissipating quinol oxidase (which is
absent in animals); and (iii) mitoKATP channel, a channel specia-
lised in electrophoretic K+ uniport. These three mitochondrial en-
ergy-dissipating systems act at different levels in the overall
energy transduction pathway: AOX dissipates redox energy instead
of the proton electrochemical gradient (DlH+) generation (redox
energy dissipation), whereas UCP and the mitoKATP channel dissi-
pate the energy of DlH+ that is generated by mitochondrial respi-
ratory chain (DW dissipation). UCP that mediates H+ leak and
mitoKATP channel when co-works with K+/H+ exchanger can inﬂu-
ence DpH (the other component of DlH+). Nevertheless, all three
systems can potentially modulate the tightness of coupling be-
tween respiration and ATP synthesis in mitochondria, thereby
maintaining a balance between energy supply and demand in the
cell. However, the physiological role of potassium channels in the
mitochondria of unicellular eukaryotes, including microorganisms
in which the channels have been found such as the protist A. cas-
tellanii and the protozoan parasites T. cruzi and C. fasciculate, still
awaits exploration. Perhaps this role could be to attenuate ROS
production by mitochondria, as shown in the case of A. castellanii
AOX and UCP [25]. There is no information demonstrating that T.
cruzi and C. fasciculate possess AOX and UCP, although it has been
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sesses AOX, but not UCP [26,27].
As mentioned, the function of the mitoKATP channel-like protein
has been studied in the trypanosomatids (Euglenozoa) T. cruzi and
C. fasciculate, which are unicellular parasitic ﬂagellate protozoa
[13]. The effect of substances known to modulate the mitoKATP
channel (in mammalian mitochondria) on the swelling of trypano-
somatid mitoplasts has been described. The mitoplasts swell due
to K+ entry into the matrix when incubated in KCl (120 mM)
medium but not in K+-free medium, and this is driven by succi-
nate-sustained respiration. The inhibition of swelling by ATP is
partially reversed by the mitoKATP channel opener diazoxide and
the diazoxide-induced swelling is inhibited by the mitoKATP chan-
nel blockers 5-hydroxydecanate and glibenclamide. Similar to
mammalian mitochondria [4,17], K+ entry into the mitochondrial
matrix of trypanosomatids is modulated by the general protein ki-
nase C (PKC) agonist phorbol 12-myristate 13-acetate (PMA) and
antagonist chelerythrine [13]. Therefore, it was hypothesised that,
similarly to the mammalian mitoKATP channel, opening of the try-
panosomatid mitoKATP channel by the physiological agent PMA
might be part of the response to environmental stress that occurs
when T. cruzi moves from the insect gut to the vertebrate host
[13]. However, future studies are necessary to test this hypothesis
and also to uncover physiological functions of the mitoKATP chan-
nel in trypanosomatids and other unicellular eukaryotes. More-
over, measurements of the electrophysiological properties of a
single mitoKATP from the trypanosomatid inner mitochondrial
membrane, such as planar lipid membrane measurements, are
needed to conﬁrm its existence in T. cruzi and C. fasciculate mito-
chondria and to complete functional studies. Interestingly, follow-
ing the swelling of isolated yeast mitochondria, a K+ selective
electrophoretic uniport that is activated by ATP depletion and sen-
sitive to glibenclamide has been described [28]. It indicates the
presence of mitoKATP-like channel in yeast mitochondria that, how-
ever, has to be further studied.3. Potassium channels in plant mitochondria
Plant mitochondria possess the three energy-dissipating sys-
tems described above. While AOX and (more recently) UCP have
been intensively studied in different plant systems [29,30], fewer
than 15 papers published so far have dealt with plant mitochon-
drial potassium channels, mostly with mitoKATP channels [2,10].
The descriptions of plant mitoKATP channel have been based mainly
on studies of isolated mitochondria that measure the inﬂuence of
K+ entry from the cytoplasm into the mitochondrial matrix on
DW dissipation and mitochondrial swelling. Measurements of the
electrophysiological properties of a single mitoKATP channel from
the plant inner mitochondrial membrane, such as planar lipid
membrane measurements, can conﬁrm the existence of the chan-
nel in plant mitochondria and complete functional studies. Re-
cently, a large-conductance calcium-activated potassium channel
(mitoBKCa channel) of the mitochondrial inner membrane of the
potato tuber has been described using electrophysiological mea-
surements in a reconstituted system and bioenergetic (mitochon-
drial respiration and membrane potential) measurements in
isolated mitochondria with the use of substances reported to mod-
ulate mitoBKCa channel in mammalian mitochondria [19].
In plant cells, the level of K+ in the mitochondrial matrix is reg-
ulated by K+ uniport pathways involving the mitoKATP channel [20]
that work together with an electroneutral K+/H+ exchanger [31]. K+
cycling across the mitochondrial inner membrane [32] can be re-
lated to the regulation of proton potential (proton re-entry into
the matrix), leading to energy dissipation. However, in contrast
to the low conductivity of the mammalian mitoKATP channel, forwhich the effect on DW is often undetectable [17], and in contrast
to the amoeba A. castellanii mitoKATP channel, for which the effect
on DW is slight (up to 3 mV under activation conditions) [12],
swelling and DW studies with isolated plant mitochondria (durum
wheat seed, rye seed, barley seed, potato tuber and spinach leaf
mitochondria) have shown that K+ present at a high concentration
(25 mM KCl) can be imported at high rates, thereby strongly reduc-
ing or even collapsing DW [20]. However, such a strong effect on
DW (which has been measured with the ﬂuorimetric probe safra-
nin) seem to be unlikely, as the same mitochondria (in the same
work) are quite well coupled (revealing high respiratory control ra-
tio and high ADP/O values) in the presence of 10 mM KCl [20].
Moreover, many bioenergetic studies (respiratory rate and DW
measurements) have been performed on various isolated plant
mitochondria in incubation medium containing a high concentra-
tion of KCl (up to 65 mM) in which the mitochondria are well cou-
pled [19,33–35]. It excludes a signiﬁcant decrease (below the DW
value of phosphorylating mitochondria) or a collapse of DW as re-
sult of K+ entry into plant mitochondria. However, compared to
mammalian and A. castellanii mitochondria, K+ entry into plant
mitochondria seems to result in a higher depolarisation of DW.
Therefore, this effect should be carefully quantitatively estimated
with the DW measurement method other than the ﬂuorimetric
method. The rather high level of K+-induced plant mitochondrial
swelling also indicates active K+ import into some plant mitochon-
dria [20–23,36] that must be regulated by an efﬁcient K+/H+ ex-
changer, which removes matrix K+ [31] and thereby prevents
mitochondrial rupture.
3.1. The ATP-regulated mitochondrial potassium channel
ATP-sensitive potassium import has been characterised in mito-
chondria isolated from durum wheat and pea [10,20,21]. In these
mitochondria, the sensitivity of mitochondrial swelling and DW
to potassium channel modulators is similar to that previously de-
scribed for the mammalian mitoKATP channel. The plant mitoKATP
channel is activated by diazoxide and GTP in durum wheat and
pea mitochondria, and its activity is inhibited by glyburide and
5-hydroxydecanate only in pea mitochondria [10,20,21]. Moreover,
the plant mitoKATP channel appears to be stimulated by cyclosporin
A and regulated by dithiol–disulﬁde interconversion, H2O2 and NO
[21,36–38]. However, there is one concern that should be noted. So
far, studies on the plant mitoKATP channel that are based on swell-
ing, DW depolarisation or H2O2 formation have been performed
mostly with succinate as the respiratory substrate driving K+ entry
into mitochondria. Succinate dehydrogenase is known to be acti-
vated by ATP. Therefore, addition of ATP to respiring mitochondria
in the presence or absence of K+ could lead to an activation of
dehydrogenase that results in an increase in respiration and DW.
As the same effect on DW is expected for the inhibition of the
mitoKATP channel by ATP (accompanied by decrease in respiration),
it could lead to inaccuracy and overestimation of the channel’s
function, especially when respiratory rate is not measured. There-
fore, changes in DW can be attributed to ATP-inhibited K+ entry
into the matrix through the mitoKATP channel, only if they are inde-
pendent of the respiratory substrate used and are not observed in
K+-free media. Similarly, caution should be taken when analysing
the effect of exogenous NADH on the K+-induced DW decrease in
isolated mitochondria. It has been proposed that the plant
mitoKATP channel is inhibited by NADH, as the nucleotide prevents
the depolarisation of DW that is induced by KCl [10,20]. How-
ever, the addition of exogenous NADH dehydrogenase in mito-
chondria energisation should be considered in this study. It has
not been shown that the putative inhibitory effect of NADH on
the plant mitoKATP channel (i.e., prevention of K+-induced DW
depolarisation) is exclusively observed in K+-containing media.
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has not been performed with antibodies raised against the plasma
membrane ATP-sensitive channel as is the case in mammalian and
A. castellanii mitochondria [2]. Electrophysiological measurements
with channels reconstituted into a planar lipid membrane will
conﬁrm the existence of a mitoKATP channel in plant mitochondria.
In the inner mitochondrial membrane of potato tubers, a con-
ductance of the mitoKATP channel of 149–179 pS that is inhib-
ited by 1 mMMg2+/ATP is observed under 50/450 mM KCl
(cis/trans) gradient conditions (K. Matkovic, I. Koszela-Piotrowska,
W. Jarmuszkiewicz, A. Szewczyk, unpublished data). These values
are comparable to those observed previously for the mammalian
and A. castellanii mitoKATP channels [2,12].
In contrast to these known properties, the physiological func-
tions of the plant mitoKATP channel remain unclear. This channel
is proposed to be involved in the regulation of mitochondrial vol-
ume [36], in programmed cell death [21,31] and in the prevention
of ROS formation [20,39]. In pea stem mitochondria, the aperture
of the mitoKATP channel (K+ entry-induced mitochondrial swelling)
has been shown to be linked to the partial rupture of the outer
membrane that results in a release of cytochrome c, thus suggest-
ing that this release may be involved in the manifestation of pro-
grammed cell death [21]. Similarly, in mitochondria isolated
from H2O2-treated and NO-treated suspension cell cultures of soy-
bean, K+ entry into the matrix that is assumed to occur through the
mitoKATP channel could be involved in mitochondrial swelling and
the release of cytochrome c [38]. In durum wheat seedlings, K+ im-
port into mitochondria, which is observed as mitochondrial swell-
ing and has been assumed to represent mitoKATP channel activity,
is activated under hyperosmotic stress conditions similarly to
UCP activity [22]. Therefore, it has been suggested that both en-
ergy-dissipating systems serve as early antioxidant defence sys-
tems and that they are involved in a prolonged response to
hyperosmotic stress [22].
3.2. The large-conductance calcium-activated potassium channel
In potato, tomato and maize mitochondria, swelling measure-
ments have shown that high K+ transport rates occur through an
ATP-insensitive pathway, preventing ROS formation [23]. Recently,
a large-conductance Ca2+-activated potassium channel (the mito-
BKCa channel) has been described in potato tuber mitochondria
[19]. Substances known to modulate large-conductance calcium-
activated potassium channel activity inﬂuenced the bioenergetics
of potato tuber mitochondria. In isolated mitochondria, Ca2+ and
NS1619 (1,3-dihydro-1-[2-hydroxy-5-(triﬂuoromethyl)phenyl]-5-
(triﬂuoromethyl)-2H-benzimidazole-2-one, a potassium channel
opener) depolarise DW and stimulate resting respiration. These ef-
fects are blocked by iberiotoxin (a potassium channel inhibitor) in
a K+-dependent manner. In the presence of ATP and glybenclamide
(to inhibit the mitoKATP channel) and in incubation medium con-
taining 50 mM KCl, a 6–7 mV Ca+2- or NS1619-induced iberiotox-
in-inhibited depolarisation of DW has been observed that
quantitatively reﬂects the maximal activity of the mitoBKCa chan-
nel in potato tuber mitochondria. Additionally, the electrophysio-
logical properties of the mitoBKCa channel present in the potato
tuber inner mitochondrial membrane have been described in a
reconstituted system using planar lipid bilayers. After incorpora-
tion in 50/450 mM KCl gradient solutions, a large-conductance
potassium channel activity has been recorded with a conductance
from 502 pS to 615 pS. The probability of channel opening was in-
creased by Ca2+ and reduced by iberiotoxin. Moreover, immunolog-
ical analysis with antibodies raised against the mammalian plasma
membrane large-conductance Ca2+-dependent K+ channel has
identiﬁed a pore-forming a subunit and an auxiliary b2 subunit
of the channel in the potato tuber mitochondrial inner membrane.Pharmacological, biophysical and molecular properties suggest
that a mitoBKCa channel similar to that of mammalian mitochon-
dria is present in potato tuber mitochondria. The physiological role
of the mitoBKCa channel in plant mitochondria, which seems to sig-
niﬁcantly modulate K+ mitochondrial distribution, awaits explora-
tion. The mitoBKCa channel in plant mitochondria may function as
a possible signalling link between intramitochondrial calcium lev-
els and the mitochondrial membrane potential.4. Putative roles of mitochondrial potassium channels in plants
and unicellular eukaryotes: functional connections with other
energy dissipating systems
The plant-type mitochondrial respiratory chain, which is found
in plant mitochondria and in the mitochondria of some unicellular
eukaryotes (protists and fungi), contains two main energy-dissi-
pating systems: (i) respiratory chain electron carriers, which dissi-
pate redox energy instead of building DlH+, i.e., additional,
rotenone-insensitive external and internal NAD(P)H dehydrogen-
ases and an alternative ubiquinol cyanide-resistant terminal oxi-
dase (AOX) and (ii) UCP, which directly dissipates energy
contained in DlH+ [40]. Although these two energy-dissipating
systems act at two different levels of the overall energy transduc-
tion pathway, they lead to the same ﬁnal effect, i.e., a decrease in
ATP synthesis yield per oxygen consumed, as shown in plant and
unicellular eukaryote mitochondria [34,41,42]. A dissipative mech-
anism involving K+ import into the mitochondrial matrix (through
potassium channels) and a K+/H+ exchanger that modulates DlH+
by decreasing DW can be considered as an additional energy-dissi-
pating system. Thus, re-entry of protons ejected by the mitochon-
drial complexes of the respiratory chain (generating DlH+)
through the potassium cycle potentially uncouples mitochondria.
In this manner, K+, the most abundant cation in the cytosol, could
regulate coupling between respiration and ATP synthesis in mito-
chondria. However, there are no data showing a K+ import-induced
decrease in oxidative phosphorylation yield in the mitochondria of
plants or unicellular eukaryotes to date.
As mentioned above, the mitoKATP channel and UCP are energy-
dissipating systems that can regulate energy metabolism by mod-
ulatingDlH+ and ROS production. It is widely accepted that activa-
tion of potassium channels in the inner mitochondrial membrane
and, in consequence, increasing K+ inﬂux into the matrix leads to
a decrease in DW and stimulation of respiratory rate. However,
there is much less agreement on how such activity inﬂuences
mitochondrial ROS generation in mammalian mitochondria (for re-
cent reviews see [2,43]). In plant mitochondria, mitoKATP channel is
proposed to be involved in the prevention of ROS formation
[20,39]. Stress conditions have been shown to elicit mitoKATP chan-
nel activation in plants [10,20,22] and mammals [44]. Similarly,
products of lipid peroxidation due to ROS formation can activate
UCP in plant and mammalian mitochondria [30,45]. Moreover,
the activity of the mitoKATP channel and UCP is inhibited by ATP,
a product of mitochondrial oxidative phosphorylation. It has there-
fore been proposed [10,2] that in plant mitochondria, especially
under stress conditions, both proteins promote the down-regula-
tion of mitochondrial ROS production to protect mitochondria
against harmful ROS (Fig. 1). Under physiological conditions, when
the cytochrome pathway and ATP production are not impaired, the
mitoKATP channel and UCP are likely inhibited to preserve the efﬁ-
ciency of oxidative phosphorylation and/or to allow for rapid oxi-
dation of reduced equivalents feeding the mitochondrial
respiratory chain. It raises the question of whether the same mech-
anism can occur in the mitochondria of unicellular eukaryotes and
animals, where the transport rate of K+ is much lower than that
observed in some plant mitochondria and the DW dissipation is
Fig. 1. Hypothetical down-regulation of mitochondrial ROS formation by the
mitoKATP channel and UCP. (A) Under physiological conditions where the cyto-
chrome pathway and ATP production are not impaired, the respiratory chain
produces a basal level of ROS, and the mitoKATP channel and UCP are inhibited by
ATP. (B) Under stress conditions where the cytochrome pathway and ATP
production are impaired, an enhanced level of ROS inhibits ATP synthesis. Inhibition
of the mitoKATP channel and UCP by ATP is alleviated. ROS activate the mitoKATP
channel and UCP, which in turn dissipate DW, thereby preventing further intensive
ROS formation.
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hyperlipidemia leads to an elevation in the activity of liver mito-
KATP channel protecting mitochondria against oxidative damage
[46,47]. Therefore, a biological role for mitoKATP channel as a redox
sensor has been proposed.
Interestingly, in the mitochondria of the protist A. castellanii, in
addition to inhibiting the mitoKATP channel and UCP [12,48], ATP
also inhibits the activity of another mitochondrial energy-dissipat-
ing system, i.e., ubiquinol oxidase, or AOX [49]. This regulatory fea-
ture also involves fungal AOX but not plant AOX. Therefore, in
unicellular eukaryotes, ATP seems to play a special role in the reg-
ulation of energy-dissipating systems and thereby in overall en-
ergy metabolism. This regulation could account for the
commonly observed (also in microorganism mitochondria)
enhancement of AOX-mediated respiration as well as that of UCP
activity under stress conditions when the cytochrome pathway is
impaired (and ATP production is limited) [40]. There is no informa-
tion demonstrating that the mitoKATP channel in the mitochondria
of unicellular eukaryotes is also elicited under stress conditions.
However, it can be hypothesised that under physiological condi-
tions where ATP production is not impaired in the mitochondria
of unicellular eukaryotes, AOX-sustained non-phosphorylating res-
piration, UCP-mediated mitochondrial uncoupling and mitoKATP
channel-mediated energy dissipation are likely inhibited by ATP
when the oxidation of reduced equivalents by these energy-dissi-
pating systems is not strongly required (e.g., when cell division
slows) and/or to preserve the efﬁciency of oxidative phosphoryla-
tion. In contrast, impaired ATP production (and the cytochrome
pathway) would lead to activation of the three energy-dissipating
systems to prevent the formation of ROS by the mitochondria and/
or to decrease the reducing power in the cell. In unicellular eukary-otes, these conditions likely occur in intensively dividing and met-
abolising cells.
However, further studies are necessary to describe the regula-
tion of K+ transport pathways across the inner mitochondrial mem-
brane of plants and unicellular eukaryotes and their interaction
with other energy-dissipative systems (UCP and AOX), and these
should help to establish the exact role of each pathway.
5. Conclusion
The present review describes the studies performed thus far on
potassium channels in the mitochondria of plants and unicellular
eukaryotes. It is obvious that these studies, described in approxi-
mately 20 papers, are still preliminary compared with those on
mammalian mitochondrial potassium channels. The molecular
identities, functional properties and physiological roles of plant
and unicellular eukaryote mitochondrial potassium channels still
await intensive exploration. No information is currently available
about other possible mitochondrial potassium channels such as
the voltage-dependent potassium (mitoKv1.3) channel and the
twin-pore TASK-3 potassium channel that have been described in
mammalian mitochondria.
Acknowledgements
This work was supported by a Grant from the Polish Ministry of
Education and Science (3382/B/P01/2007/33) and by the Polish
Mitochondrial Network MitoNet.pl.
References
[1] O’Rourke, B. (2007) Mitochondrial ion channels. Ann. Rev. Physiol. 69, 19–49.
[2] Szewczyk, A., Jarmuszkiewicz, W. and Kunz, W.S. (2009) Mitochondrial
potassium channels. IUBMB Life 61, 134–143.
[3] Nowikovsky, K., Schweyen, R.J. and Bernardi, P. (2009) Pathophysiology of
mitochondrial volume homeostasis: potassium transport and permeability
transition. Biochim. Biophys. Acta 1787, 345–350.
[4] Costa, A.D.T. and Garlid, K.D. (2009) MitoKATP activity in healthy and ischemic
hearts. J. Bioenerg. Biomembr. 41, 123–126.
[5] Halestrap, A.P. (1994) Regulation of mitochondrial metabolism through
changes in matrix volume. Biochem. Soc. Trans. 22, 522–529.
[6] Inoue, I., Nagase, H., Kishi, K. and Higuti, T. (1991) ATP-sensitive K+ channel in
the mitochondrial inner membrane. Nature 352, 244–247.
[7] Siemen, D., Loupatatzis, C., Borecky, J., Gulbins, E. and Lang, F. (1999) Ca2+-
activated K channel of the BK-type in the inner mitochondrial membrane of a
human glioma cell line. Biochem. Biophys. Res. Commun. 257, 549–554.
[8] Szabo, I., Bock, J., Jekle, A., Soddemann, M., Adams, C., Lang, F., Zoratti, M. and
Gulbins, E. (2005) A novel potassium channel in lymphocyte mitochondria. J.
Biol. Chem. 280, 12790–12798.
[9] Rusznák, Z., Bakondi, G., Kosztka, L., Pocsai, K., Diens, B., Fodor, J., Telek, A.,
Gömczi, M., Sz}ucs, G. and Csernoch, L. (2008) Mitochondrial expression of the
two-pore domain TASK-3 channels in malignantly transformed and non-
malignant human cells. Virchows Arch. 452, 415–426.
[10] Pastore, D., Tronto, D., Laus, M.N., Di Fonzo, N. and Flagella, Z. (2007) Possible
plant mitochondria involvement in cell adaptation to drought stress. A case
study: durum wheat mitochondria. J. Exp. Bot. 58, 195–210.
[11] Wojtovich, A.P., Burwell, L.S., Sherman, T.A., Nehrke, K.W. and Brookes, P.S.
(2008) The C. elegans mitochondrial K+ATP channel: a potential target for
preconditioning. Biochem. Biophys. Res. Commun. 376, 625–628.
[12] Kicinska, A., Swida, A., Bednarczyk, P., Koszela-Piotrowska, I., Choma, K.,
Dolowy, K., Szewczyk, A. and Jarmuszkiewicz, W. (2007) ATP-sensitive
potassium channel in mitochondria of the eukaryotic microorganism,
Acanthamoeba castellanii. J. Biol. Chem. 282, 17433–17441.
[13] Costa, A.D.T. and Krieger, M.A. (2009) Evidence for an ATP-sensitive K+ channel
in mitoplasts isolated from Trypanosoma cruzi and Crithidia fasciculate. Int. J.
Parasitol. 39, 955–961.
[14] Suzuki, M., Kotake, K., Fujikura, K., Inagaki, N., Suzuki, T., Gonoi, T., Seino, S.
and Takata, K. (1997) Kir6.1: a possible subunit of ATP-sensitive K+ channels in
mitochondria. Biochem. Biophys. Res. Commun. 241, 693–697.
[15] Zhou, M., Tanaka, O., Sekiguchi, M., Sakabe, K., Anzai, M., Izumida, I., Inoue, T.,
Kawahara, K. and Abe, H. (1999) Localization of the ATP-sensitive potassium
channel subunit (Kir6. 1/uK(ATP)-1) in rat brain. Brain Res. 74, 15–25.
[16] Ardehali, H., Chen, Z., Ko, Y., Mejia-Alvarez, R. and Marban, E. (2004)
Multiprotein complex containing succinate dehydrogenase confers
mitochondrial ATP-sensitive K+ channel activity. Proc. Natl. Acad. Sci. USA
101, 11880–11885.
2062 W. Jarmuszkiewicz et al. / FEBS Letters 584 (2010) 2057–2062[17] Garlid, K.D. and Paucek, P. (2003) Mitochondrial potassium transport: the K(+)
cycle. Biochim. Biophys. Acta 1606, 23–41.
[18] Kowaltowski, A.J., de Souza-Pinto, N.C., Castilho, R.F. and Vercesi, A.E. (2009)
Mitochondria and reactive oxygen species. Free Radic. Biol. Med. 47, 333–343.
[19] Koszela-Piotrowska, I., Matkovic, K., Szewczyk, A. and Jarmuszkiewicz, W.
(2009) A large-conductance calcium-activated potassium channel in potato
Solanum tuberosum tuber mitochondria. Biochem. J. 424, 307–316.
[20] Pastore, D., Stopelli, M.C., Di Fonzo, N. and Passarella, S. (1999) The existence
of the K+ channel in plant mitochondria. J. Biol. Chem. 274, 26683–26690.
[21] Chiandussi, E., Petrussa, E., Macri, F. and Vianello, A. (2002) Modulation of a
plant mitochondrial KþATP channel and its involvement in cytochrome c release.
J. Bioenerg. Biomembr. 34, 177–184.
[22] Trono, D., Flagella, Z., Laus, M.N., Di Fonzo, N. and Pastore, D. (2004) The
uncoupling protein and the potassium channel are activated by hyperosmotic
stress in mitochondria from durum wheat seedlings. Plant Cell Environ. 27,
437–448.
[23] Ruy, F., Vercesi, A.E., Andrade, P.B.M., Bianconi, M.L., Chaimovich, H. and
Kowaltowski, A.J. (2004) A highly active ATP-insensitive K+ import pathway in
plant mitochondria. J. Bioenerg. Biomembr. 36, 195–202.
[24] Grey, M.W., Burger, G. and Lang, B.F. (1999) Mitochondrial evolution. Science
283, 1476–1481.
[25] Czarna, M. and Jarmuszkiewicz, W. (2005) Activation of alternative oxidase
and uncoupling protein lowers hydrogen peroxide formation in amoeba
Acanthamoeba castellanii mitochondria. FEBS Lett. 579, 3136–3140.
[26] Ott, R., Chibale, K., Anderson, S., Chipeleme, A., Chaudhuri, M., Guerrah, A.,
Colowick, N. and Hill, G.C. (2006) Novel inhibitors of the trypanosome
alternative oxidase inhibit Trypanosoma brucei brucei growth and respiration.
Acta Trop. 100, 172–184.
[27] Colasante, C., Diaz, P.P., Clayton, C. and Voncken, F. (2009) Mitochondrial
carrier family inventory of Trypanosoma brucei brucei: identiﬁcation,
expression and subcellular localization. Mol. Biochem. Parasitol. 167, 104–117.
[28] Manon, S. and Guerin, M. (1993) Evidence for three different electrophoretic
pathways in yeast mitochondria: ion speciﬁcity and inhibitor sensitivity. J.
Bioenerg. Biomembr. 25, 671–678.
[29] Siedow, J.N. and Umbach, A.L. (2000) The mitochondrial cyanide-resistant
oxidase: structural conservation and regulatory diversity. Biochim. Biophys.
Acta 1459, 432–439.
[30] Vercesi, A.E., Borecky, J., Maia, I.D., Arruda, P., Cuccovia, I.M. and Chaimovich,
H. (2006) Plant uncoupling mitochondrial proteins. Annu. Rev. Plant Biol. 57,
383–404.
[31] Diolez, P. and Moreau, F. (1985) Correlations between ATP synthesis,
membrane potential and oxidation rate in plant mitochondria. Biochim.
Biophys. Acta 806, 56–63.
[32] Garlid, K.D. (1996) Cation transport in mitochondria–the potassium cycle.
Biochim. Biophys. Acta 1275, 123–126.
[33] Almeida, A.M., Jarmuszkiewicz, W., Khomsi, H., Arruda, P., Vercesi, A.E. and
Sluse, F.E. (1999) Cyanide-resistant, ATP synthesis-sustained, and uncoupling
protein-sustained respiration during postharvest ripening of tomato fruit.
Plant Physiol. 119, 1323–1329.
[34] Jarmuszkiewicz, W., Almeida, A.M., Vercesi, A.E., Sluse, F.E. and Sluse-Goffart,
C.M. (2000) Proton re-uptake partitioning between uncoupling protein andATP synthase during benzohydroxamic acid-resistant state 3 respiration in
tomato fruit mitochondria. J. Biol. Chem. 275, 13315–13320.
[35] Navet, R., Douette, P., Puttine-Marique, F., Sluse-Goffart, C.M., Jarmuszkiewicz,
W. and Sluse, F.E. (2005) Regulation of uncoupling protein activity in
phosphorylating potato tuber mitochondria. FEBS Lett. 579, 4437–4442.
[36] Petrussa, E., Casolo, V., Braidot, E., Chiandussi, E., Macri, F. and Vianello, A.
(2001) Cyclosporin A induces the opening of a potassium-selective channel in
higher plant mitochondria. J. Bioenerg. Biomembr. 33, 107–117.
[37] Petrussa, E., Casolo, V., Peresson, C., Braidot, E., Vianello, A. and Macri, F. (2004)
The KþðATPÞ channel is involved in a low-amplitude permeability transition in
plant mitochondria. Mitochondrion 3, 297–307.
[38] Casolo, V., Petrussa, E., Krajnakova, J., Macri, F. and Vianello, A. (2005)
Involvement of the mitochondrial KþATP channel in H2O2- or NO-induced
programmed death of soybean suspension cell cultures. J. Exp. Bot. 56, 997–
1006.
[39] Casolo, V., Braidot, E., Chiandussi, E., Vianello, A. and Macri, F. (2003) KþATP
channel opening prevents succinate-dependent H2O2 generation by plant
mitochondria. Physiol. Plant. 118, 313–318.
[40] Jarmuszkiewicz, W. (2001) Uncoupling protein in mitochondria of higher
plants and some microorganisms. Acta Biochem. Pol. 48, 145–155.
[41] Jarmuszkiewicz, W., Czarna, M., Sluse-Goffart, C.M. and Sluse, F.E. (2004) The
contribution of uncoupling protein and ATP synthase to state 3 respiration in
Acanthamoeba castellanii mitochondria. Acta Biochim. Pol. 51, 533–538.
[42] Jarmuszkiewicz, W., Sluse-Goffart, C.M., Hryniewiecka, L., Michejda, J. and
Sluse, F.E. (1998) Electron partitioning between the two branching quinol-
oxidizing pathways in Acanthamoeba castellanii mitochondria during steady-
state state 3 respiration. J. Biol. Chem. 273 (17), 10174–10180.
[43] Malinska, D., Mirandola, S.R., Kuntz, W.S. (in press) Mitochondrial potassium
channels and reactive oxygen species. FEBS Lett., doi:10.1016/j.febslet.2010.
01.013.
[44] Zhang, D.X., Chen, Y.F., Campbell, W.B., Zou, A.P., Gross, G.I. and Li, P.L. (2001)
Characteristics and superoxide-induced activation of reconstituted myocardial
mitochondrial ATP-sensitive potassium channels. Circ. Res. 89, 1177–1183.
[45] Echtay, K.S. (2007) Mitochondrial uncoupling proteins – what is their
physiological role? Free Radic. Biol. Med. 43, 1351–1371.
[46] Alberici, L.C., Oliveira, H.C., Patrício, P.R., Kowaltowski, A.J. and Vercesi, A.E.
(2006) Hyperlipidemic mice present enhanced catabolism and higher
mitochondrial ATP-sensitive K+ channel activity. Gastroenterology 131,
1228–1234.
[47] Alberici, L.C., Oliveira, H.C., Paim, B.A., Mantello, C.C., Augusto, A.C., Zecchin,
K.G., Gurgueira, S.A., Kowaltowski, A.J. and Vercesi, A.E. (2009) Mitochondrial
ATP-sensitive K(+) channels as redox signals to liver mitochondria in response
to hypertriglyceridemia. Free Radic. Biol. Med. 47, 1432–1439.
[48] Jarmuszkiewicz, W., Antos, N., Swida, A., Czarna, M. and Sluse, F.E. (2004) The
effect of growth at low temperature on the activity and expression of the
uncoupling protein in Acanthamoeba castellanii mitochondria. FEBS Lett. 569,
178–184.
[49] Woyda-Ploszczyca, A.M., Sluse, F.E. and Jarmuszkiewicz, W. (2009) Regulation
of Acanthamoeba castellanii alternative oxidase activity by mutual exclusion of
purine nucleotides; ATP’s inhibitory effect. Biochim. Biophys. Acta 1787, 264–
271.
